to the intrinsic genetic program are valuable for understanding male reproduction.
INTRODUCTION
Spermatogenesis is a pivotal process in most mammals because successful male germ cell development is associated with the maintenance and generation of organisms. This process occurs in seminiferous tubules containing developing germ cells in numerous concentric layers and somatic cells, the Sertoli cells.
No functional study of MAGE proteins related to spermatogenesis has been reported yet in mice. Here, we identified a novel MAGE Type II family member, MAGEG2, which is a testis-specific protein primarily expressed in pachytene spermatocytes and whose expression is regulated in a stage-specific manner. Proteomic examination identified serine/threonine-protein kinase 31 (STK31) and heat shock protein 9 (HSPA9) as binding partners of MAGEG2. We found that MAGEG2 is repressive to one of the major interaction partners, STK31. Our study suggests that MAGEG2 has various cellular activities during spermatogenesis.
MATERIALS AND METHODS

Cell culture and transient transfection
Mouse fibroblast cell line (NIH3T3, CRL-1658) and human embryonic kidney cell line (HEK293T, CRL-11268) cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were grown in Dulbecco's Modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco BRL, Grand Island, NY, USA) and 1% (v/v) penicillin/streptomycin (Gibco BRL) at 37°C in an atmosphere of 5% (v/v) CO 2 . Cell culture media were changed every 1-2 days and cells were subcultured every 3-4 days. For transfection into the NIH3T3 cell line, full-length cDNA of Mageg2 was inserted into pEGFP-N2 vector (Clontech, Mountainview, CA, USA). For transfection into the HEK293T cells, full-length DNA construct of Mageg2 was cloned into pcDNA™ 3.1/myc-His B vector (Invitrogen) and HA-STK31 was generated by transfection into pHM6 vector (Roche, Basel, Switzerland). All transient expressions of cloned vectors were achieved using Lipofectamine™ LTX (Invitrogen) transfection reagent, according to the manufacturer's protocol. Empty vectors were used as controls for inserted vectors. In the case of expression of GFP-tagged MAGEG2, at 48 h after transfection, cells were fixed with 4% (v/v) paraformaldehyde, stained with Hoechst 33258 (Sigma-Aldrich, St. Louis, MO, USA), and mounted on a glass slide. In the case of introduction of Myc-tagged MAGEG2 or HA-tagged STK31, transfected cells were collected after 24 h with 1% (v/v) Nonidet P-40 (NP-40) lysis buffer for subsequent experiments.
Total RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was isolated with the TRI Reagent® (Molecular Research Center, Cincinnati, OH, USA) following the manufacturer's instructions, from different tissues (liver, spleen, kidney, lung, skeletal muscle, brain, heart, and testis) of 8-week-old ICR male mice. To examine the developmental expression patterns in the testis, total RNAs were obtained from different stages of male mice (aged 8, 10, 12, 14, 16, 20, 30 , and 84 days), as well as from germ cell-deficient testes of W/W v mice for investigation of germ cell-specific expression. Then, for elimination of genomic DNA contamination, 2 U of DNase I (New England Biolabs, Ipswich, MA, USA) was treated at 37°C for 30 min and inactivated by addition of 5 mmol l −1 EDTA. Complementary DNAs (cDNAs) were synthesized by random primer and oligo (dT) primer using Omniscript reverse transcriptase (Qiagen, Hilden, Germany). RT-PCR was conducted using a specific primer set for the Mageg2 transcript (forward, 5′-ACCAGAGAACGCCCACCACCG-3′, a n d r e v e r s e , 5 ′ -C C C TAC G C T G C T C AT C C G C C A-3 ′ ) . The cDNA levels were calibrated by amplif ication of glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (forward, 5 ′ -A G C C A A A A G G G T C AT C T C C G -3 ′ , a n d r e v e r s e , 5′-TCCTCAGTGTAACCCAAGATGCC-3′). Amplification was carried out with the following conditions: initial treatment for 5 min at 94°C, followed by 30 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s. All animal investigations were carried out according to the guidelines of the Animal Care and Use of Gwangju Institute of Science and Technology (Permit number: GIST2014-171).
Antibodies
To generate a polyclonal antibody against mouse MAGEG2, synthesized antigen peptides were immunized into male New Zealand white rabbits aged 4-6 months (body weight 2.5 kg). Glutathione S-transferase (GST) fusion protein was designed as an antigen peptide, with the PCR product corresponding to residues 156-294 of MAGEG2 constructed in pGEX-5X-2 (GE Healthcare, Little Chalfont, UK). The recombinant vector was confirmed by sequencing, and then the vector was transformed into Escherichia coli BL21 (DE3). GST fusion MAGEG2 proteins were induced by addition of 0.1 mmol l −1 isopropyl-β-D-thiogalactopyranoside (IPTG, Sigma-Aldrich, St. Louis, MO, USA) and subsequently purified with glutathione Sepharose 4B (GE Healthcare, Little Chalfont, UK). Isolated GST-MAGEG2 fusion proteins were injected for generation of polyclonal antibodies by Macrogen (Seoul, Korea). The antibodies were affinity purified with corresponding antigens using AminoLink Immobilization kit (Pierce, Waltham, MA, USA). Monoclonal anti-α-tubulin antibody (05-829) and monoclonal anti-ADAM2 antibody (MAB19292) were purchased from Millipore (Billerica, MA, USA). Polyclonal anti-GAPDH antibody was obtained from AbFrontier (LF-PA0212, Seoul, Korea). Monoclonal anti-Myc antibody for Western blot analysis was purchased from Cell Signaling (#2276, Danvers, MA, USA) and monoclonal anti-Myc antibody for immunoprecipitation was obtained from Santa Cruz Biotechnology (SC-40, Santa Cruz, CA, USA). Polyclonal anti-HA antibody was purchased from Abcam (Ab9110, Cambridge, UK). Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG and anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA, USA) were used as secondary antibodies.
Preparation of protein samples and Western blot analysis
Whole cell lysates were extracted with 1% NP-40 lysis buffer containing protease inhibitor cocktail on ice by homogenization. The homogenates were incubated on ice for 30 min, and cell debris was pelleted by centrifugation at 19 326 g, 4°C for 10 min. Proteins of the supernatant were obtained and their concentration measured with the BCA assay (Thermo, Waltham, MA, USA). Then, lysate samples were suspended in 2 × SDS sample buffer containing 5% (v/v) β-mercaptoethanol, boiled for 10 min, and centrifuged at 19 326 g, 4°C for 10 min. The protein samples were loaded into SDS-polyacrylamide gel electrophoresis (PAGE) and transferred onto polyvinylidene fluoride (PVDF) membrane (Pall Corporation, East Hills, NY, USA). Membranes were blocked in TBS-T containing 5% (v/v) nonfat dry milk (BD Biosciences, San Jose, CA, USA) for 1 h at room temperature, and the blots were incubated overnight at 4°C with primary antibodies. After being washed three times with TBS-T, the membranes were incubated with secondary antibodies for 1 h at room temperature. Following three washes, the blots were developed with electrogenerated chemiluminescence (ECL, Pierce).
Preparation of testicular cells, testicular spermatozoa, and mature spermatozoa Cells were isolated from 8-week-old ICR male mice in Mg 2+ -Hepes buffer. Testicular germ cells and testicular spermatozoa were separated by 52% (v/v) gradient of isotonic Percoll (GE Healthcare) and centrifuged for 10 min (27 000 g, 4°C) , and the isolated cells were resuspended with Mg 2+ -Hepes buffer. 14 Mature spermatozoa were prepared from the cauda epididymidis and vas deferens with PBS buffer. After being washed with PBS buffer, the collected cells were directly boiled in 1 × SDS sample buffer containing 5% (v/v) β-mercaptoethanol.
Immunoprecipitation
Testes and cells were lysed with 1% (v/v) NP-40 lysis buffer, and 1 mg of lysates was incubated overnight at 4°C with the recommended amount of antibodies under rotary agitation (5 µg anti-MAGEG2; 4 µg anti-Myc; 4 µg anti-HA; 2 µg anti-HSPA9). For IP-kinase assay, 0.5 mg of cell lysates was incubated with 3 µg of anti-STK31 antibodies and protein A sepharose beads (GE Healthcare) were added and incubated for an additional 6 h at 4°C with shaking. The binding was stopped by washing three times with lysis buffer, and then the immunocomplexes were boiled in 1 × SDS sample buffer containing 5% (v/v) β-mercaptoethanol for further western blot analysis or resuspended in kinase buffer for subsequent kinase assay. The immunoprecipitated proteins were eluted by 8 mol l −1 urea for subsequent proteomic analysis and capillary reversed-phase liquid chromatography-tandem mass spectrometry as described previously. , Perkin-Elmer, Waltham, MA, USA). The mixture was incubated for 1 h at 30°C for kinase reaction and the reaction was stopped by boiling in SDS sample buffer containing 5% (v/v) β-mercaptoethanol. The kinase reaction was visualized by autoradiography of SDS PAGE gel.
RESULTS
Phylogenetic relationship of MAGEG2
As a first step toward characterization of mouse MAGEG2, we studied the phylogenetic relationship by examining gene information from NCBI databases (Figure 1) . The mouse Mageg2 gene is composed of a single exon that encodes 294 amino acid residues predicted as a 33 kDa protein. The mouse MAGEG2 protein contains MHD in its middle region (residues 82-253) and it has 65% and 67% identities with human and mouse necdin-like protein 2 (NDNL2, MAGEG1), respectively. The EST profile in the UniGene database of Mageg2 was restricted to the testis in contrast to those of other Type II MAGEs.
Mageg2 expression patterns at the transcript and protein levels
On the basis of the information from in silico analysis, expression profiles of transcript and protein level were examined. First, a transcriptional study was carried out. To determine whether Mageg2 is an authentic testis-specific gene, tissue distribution was investigated by RT-PCR with cDNAs from different mouse tissues: liver, spleen, kidney, lung, skeletal muscle, brain, heart, and testis (Figure 2a) , in which Mageg2 showed a testis-specific expression pattern. To determine which cells transcribe Mageg2 in the testis, we carried out RT-PCR on germ cell-deficient mice (W/W v mutant mice) (Figure 2b) . The transcript of Mageg2 was detected not only in the wild-type testis but also in the W/W v mutant testis, indicating that Mageg2 exists in germ cells and Sertoli cells in the testis. However, the mutant testis showed decreased band intensity compared with the wild-type testis. Thus, the expression of Mageg2 is attributable in large to germ cells rather than to Sertoli cells. To analyze the expression pattern during germ cell development, RT-PCR was performed with mouse testis cDNAs obtained at different days after birth (8-84 days) (Figure 2c) . The expression of Mageg2 started before postnatal day 8, and then the expression level increased as spermatogenesis proceeds, especially around 16 days corresponding to the pachytene stage. These results indicate that the mouse Mageg2 is expressed predominantly in germ cells in the testis. To analyze the protein characteristics in vitro, we examined subcellular localization with GFP-tagged full-length Mageg2 in NIH3T3 cell lines. GFP signal was found in both nucleus and cytoplasm (Supplementary Figure 1) . Subsequent characterization at the protein level was performed with the polyclonal antibody generated against GST-tagged fusion protein (residues 156-294). Authenticity of the antibody was confirmed by comparative and competitive immunoblotting analyses (Supplementary Figure 2) . The results of western blot analysis were similar to those of RT-PCR. MAGEG2 appeared to be expressed in the testis specifically (Figure 2d) . Moreover, the protein existed not only in germ cells but also in Sertoli cells to the testis in a small Phylogenetic tree of mouse and human type II MAGE family members. GeneBank accession numbers for the amino acid sequences used for phylogeny generation were NP_076270 (mouse Mageg2), NP_071432 (human
The phylogenetic tree was created by alignments with MUSCLE (multiple sequence comparison by log-expectation) and neighbor-joining tree was generated by MEGA7 software (molecular evolutionary genetics analysis). The tree was drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method 49 and are in the units of the number of amino acid substitutions per site. Expected tissue distributions were marked with abbreviation of corresponding tissues (U: ubiquitously expressed, B: brain, T: testis).
extent (Figure 2e) . The developmental expression pattern from testes obtained at different times after birth was similar to that of the RNA level (Figure 2f) . Especially during 14-21 postnatal days, the expression level increased steadily, suggesting that MAGEG2 is expressed majorly in pachytene spermatocytes. Expression of MAGEG2 in cells obtained from different cell stages during spermatogenesis was examined. MAGEG2 was expressed in testicular germ cells, not in testicular spermatozoa and mature spermatozoa, indicating developmentally regulated expression (Figure 2g) .
Identification of putative binding partners of MAGEG2 by proteomic analysis
To investigate the functional characteristics of MAGEG2, it was necessary to determine the binding partners for MAGEG2. Thus, immunoprecipitation was carried out with whole cell lysate of the mouse testis, and then the precipitates were cleaved by tryptic digestion for liquid chromatography-MS/MS. The MS analysis detected seven proteins (Table 1) , among which HSPA9 (mortalin) and STK31 were found at high spectrum counts. Although HSPA9 is well characterized as a member of the HSP70 family, there is little information related to spermatogenesis. STK31 has been identified as a germ cell-specific protein. 16, 17 To certify as binding partners for MAGEG2, their characteristics at the protein level were examined. It was found that STK31 has testis specificity and HSPA9 was ubiquitously expressed (Figure 3a) . Subsequently, comparison of expression patterns between normal and germ cell-lacking testes was performed (Figure 3b) . STK31 was expressed in the W/W v mutant testis at a lower level than in the normal testis (Figure 3b) . Moreover, its expression in the testis was regulated developmentally (Figure 3c and 3d) , because abundance of expression occurred around day 14 when pachytene spermatocytes begin to appear and it showed limited expression in the testicular germ cells. On the contrary, as a ubiquitous protein, HSPA9 existed in both types of cells in the testis (Figure 3b) and it was expressed at all the developmental time points (Figure 3c) . It primarily resided in mature spermatozoa (Figure 3d) . These results collectively demonstrate that STK31 is developmentally regulated like MAGEG2. In the case of HSPA9, although overall expression patterns did not correspond to those of MAGEG2, the expression time of MAGEG2 overlapped with that of HSPA9.
Association of MAGEG2 with STK31 and HSPA9
To investigate the association of MAGEG2 with STK31 and HSPA9, we carried out in vivo immunoprecipitation analysis on mouse testis extract. Figure 4a shows that anti-MAGEG2 pulled down both STK31 and HSPA9 but not control IgG in normal rabbit serum. We also performed in vitro co-immunoprecipitation (co-IP). Myc-tagged MAGEG2 and HA-tagged STK31 were co-transfected into HEK293T cells, which do not contain either protein, but ubiquitous HSPA9 should be utilized as endogenous protein of the cell line. Efficiency of the transfection was verified by immunoblotting with anti-Myc and anti-HA (Supplementary Figure 3) . STK31 and HSPA9 were co-immunoprecipitated with MAGEG2 similar to the result of in vivo analysis (Figure 4b) , and conversely immunoprecipitation with anti-HA or anti-HSPA9 pulled down MAGEG2 (Figure 4c and 4d) . On the other hand, direct interaction between STK31 and HSPA9 was not observed through the co-IP (Supplementary Figure 4) .
Repressive role of MAGEG2 for STK31
As a member of serine/threonine kinase, kinase activity of STK31 has been reported; 16 hence, we examined whether MAGEG2 regulates kinase activity of STK31. HEK293T cells were transfected only with HA-STK31 or subjected to co-transfection with Myc-MAGEG2 and HA-STK31. The efficiency of the co-transfection was examined by immunoblotting (Figure 5a ). The confirmed cell lysate was immunoprecipitated with anti-STK31, and then the presence of both STK31 and MAGEG2 was determined by western blot analysis (Figure 5b) . It was apparent that immunoprecipitated beads of the single transfection contained STK31 and the immunocomplex of double transfection was composed of both inserted proteins. Furthermore, STK31 in the immunoprecipitated beads with cognate antibody was utilized as kinase for kinase reaction, and myelin basic protein (MBP) was used as control substrate for the kinase reaction. The kinase activity was monitored by autoradiography. Interestingly, kinase activity of STK31 resulting from double transfection with MAGEG2 was decreased by 29% compared with that of single transfection (Figure 5c and 5d) . 
DISCUSSION
In the present study, we identified testis-specific Type II MAGE family member, mouse MAGEG2, at the transcriptional, protein, and functional levels for the first time. In general, type II MAGE family members are known to be expressed ubiquitously, 12, 13 but MAGEG2 is different from other Type II MAGE members in that its expression is restricted to the testis. Although it was selected from Sertoli cell UniGene library at the beginning of our study, MAGEG2 was primarily expressed in the testicular germ cells and the expression level was increased obviously during pachytene stage. This indicates that the function of MAGEG2 is regulated in a stage-specific manner in the pachytene spermatocytes. In vitro analysis showed whole cell localization of MAGEG2, consistent with reported patterns of other mouse MAGEs. 12, 13, 18, 19 Moreover, by means of a generated specific antibody, we carried out immunoprecipitation followed by MS analysis, in which we identified putative interaction partners. Among them, STK31 was considered as a strong partner with relatively high spectrum counts.
Stk31 was first reported as a male germ cell-specific gene 20, 21 and it was also called as a Tudor-domain containing protein 8 (Tdrd8) on account of its conserved domain. 16, 17 Consistent with previous reports, our western blot analysis using cognate antibodies presented germ cell-specific expression patterns. Moreover, through immunoblotting with germ cell-lacking testis (W/W v ), it is likely that STK31 is expressed not only in germ cells but also in somatic cells, with very low level in the testis. Besides, expression level at the early stages of development was similar to that of W/W v mutant testis, indicating that STK31 shows less or no expression in the earlier stages of germ cell development. As the stage proceeds, the expression level increased significantly during the pachytene stage. These expression patterns were similar to those of MAGEG2, suggesting that STK31 has a close relationship with MAGEG2. In fact, we found that MAGEG2 suppresses the kinase activity of STK31 when associated with it in the testicular germ cells.
STK31 has been studied in male germ cells. 16, 17, 22 In particular, it has been reported that germ cell development is not affected in Stk31 knockout mice, 17, 22 suggesting the redundancy of STK31 with similar proteins. Recently, STK31 was characterized as a SUMO target of spermatocytes by means of co-immunoprecipitation analysis and immunofluorescent localization with SUMO-1, 23 suggesting a possible relationship between STK31 and sumoylation. In the testis, SUMO-1 starts to appear in early spermatocytes at low level, and its expression is increased during early-to mid-spermatocytes, corresponding to the pachytene stage. 5, 24 From the distinct expression pattern, the functions of SUMO-1 in murine and human testes have been demonstrated to correlate with expression timing, such as meiotic sex chromosome inactivation (MSCI), XY body formation, and synaptonemal complex scaffold maintenance. 5, [24] [25] [26] [27] [28] Although the expressions of SUMO-2 and -3 overlap, their functions seem to be different from those of SUMO1 and their roles in meiosis remain to be determined. 26, 28 Regarding another suspected binding partner, HSPA9 has also been reported as a ubiquitous target of sumoylation through the MS analysis. 23, 29, 30 MAGE families have been reported as counterpart of SUMO E3 ligases. 31, 32 Direct experimental evidence for relationship with sumoylation was not found in this study, although association with sumoylation in our research is predictable. It would seem that the antibody generated from the synthesized antigen peptide has a sensitivity limit. Alternatively, it is possible that there is no relationship between MAGEG2 and sumoylation.
In this study, direct interactions between MAGEG2 and the two proteins (HSPA9 and STK31) were detected, whereas direct interaction between HSPA9 and STK31 was not confirmed. Thus, we assume that they do not compose a functional single complex, and STK31 and HSPA9 bind to MAGEG2 separately. Molecular chaperones, the so-called heat shock proteins (HSPs), include various subfamilies with numerous members, and they are usually expressed in all tissues. This redundancy implies that they contain locally adapted secondary roles according to their expression organelles. Viewed from this perspective, extensive investigations regarding secondary roles of HSPs in the testis have been reported related to spermatogenesis, and these findings have suggested new perspective for understanding spermatogenesis. 15, [33] [34] [35] [36] [37] [38] [39] [40] For example, among several HSP70 family members, the role of HSPA2 has been well characterized in spermatogenesis in knockout mice. 36 Functions related to spermatogenesis, such as regulation of G2/M phase transition, 37 chaperone activity for DNA packaging transition proteins, 35 role as a transitional protein for chromatin remodeling in spermatids, 15 and assembly of zona pellucida (ZP) binding complex for ZP binding, 39 have been reported. HSPA5 and HSPA8 were also identified in relation to male germ cell development. HSPA5 has been found to be expressed on the sperm surface, and several roles in different cell types of expression have been demonstrated. 34, 38, 40 In the case of HSPA8, it was revealed that the protein is associated with acrosome biogenesis in the rat testis 41 and the binding affinity to oviductal epithelium of the boar spermatozoa has been reported. 42 On the basis of these previous studies, an interaction between HSPA9 and testis-specific MAGEG2 suggests a possibility for a secondary role of HSPA9 during prophase I of spermatogenesis. Preleptotene spermatocytes in the first wave of spermatogenesis suffer apoptotic cell death, resulting in large decrease of germ cells to maintain the germ cell population. 36, 43 The regulatory role of HSPA9 in apoptosis has been reported, [44] [45] [46] but its function in male reproduction remains to be discovered. Perhaps, the MAGEG2/HSPA9 complex might have a regulatory function in apoptosis during early wave of spermatogenesis. It is also known that HSPA9 is involved in stress response. Various stressors upregulate HSPA9 to suppress the engagement of apoptosis and regulate the functions of the tumor suppressor protein p53. 47, 48 Therefore, this raises another possibility that HSPA9 together with MAGEG2 could be related to stress response in the testis.
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CONCLUSIONS
Our study provides insights for understanding the novel testis-specific protein, MAGEG2. Its expression is regulated stage specifically during spermatogenesis and the protein interacts with STK31 and HSPA9 separately. Regarding the interaction with STK31, the kinase activity of STK31 was reduced by association with MAGEG2, implying that MAGEG2 is involved in pachytene stage-specific protein phosphorylation mechanism. With regard to HSPA9, direct binding with HSPA9 suggests possibility of MAGEG2 as a chaperone component for male germ cell development. To clarify the functional mechanism of MAGEG2 and the binding proteins, further studies are necessary. To summarize, to our knowledge, this is the first study highlighting the characteristics of MAGEG2 in the mouse testis. This identification serves as a novel avenue for further studies on the regulatory roles of testis-specific MAGEs in male reproduction.
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